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METHOD AND APPARATUS FOR MULTIPLE
INPUT MULTIPLE OUTPUT DISTRIBUTED
ANTENNA ARRAYS

TECHNOLOGICAL FIELD

Embodiments of the present invention relate generally to
communications technology and, more particularly, to high
rank multiple input multiple output “MIMO” for distributed
antenna arrays.

BACKGROUND

Release 10 of the 3rd Generation Partnership Project
(3GPP) Long Term Evolution (LTE) specification includes
several features related to downlink (DL) and uplink (UL)
MIMO, relays, bandwidth extension via carrier aggregation
and enhanced inter-cell interference coordination (eICIC). In
DL MIMO, 1n order to meet the peak spectral efliciency
requirements of up to 30 bit/s/Hz, Release 10 extends Release
8/9 DL MIMO f{features by providing support for up to 8
stream transmissions, and hence up to 8x8 MIMO. Further-
more, enhanced support of multi-user (MU) MIMO 1s
enabled 1n Release 10 and seamless switching between
single- and multi-user operations 1s supported.

Release 10 further provides a double codebook for 8 trans-
mit (Tx) antennas. The double codebook for 8 Tx antennas 1s
based on a modular design (or multi-granular), combining
two feedback components from distinct codebooks: one feed-
back component represents the long-term (e.g. wideband)
radio channel properties while the other one targets the short
term (e.g. frequency selective) channel properties.

Non-uniform network deployments, also known as hetero-
geneous networks (HetNet), are potential scenarios consid-
ered 1n Long Term Evolution Release 11 for DL MIMO and
coordinated multi-point transmission (COMP). HetNet was
considered during Release 10 within the context of enhanced
inter-cell interference coordination/cancellation (eICIC) dis-
cussions, but Release 10 focused on mainly macro cell and
pico cells deployed inside the macro cell, hence only rela-
tively light interaction between the macro cells and the pico
cells 1n the form of time-domain resource partitioning with
the exchange of scheduling information and patterns over the
backhaul link. One difference between the macro cell and the
remote radio head (RRH) lies 1n the utilized transmit powers,
since the macro cell may operate 1n the range of 449 dBm 1n
a 10/20 MHz carrier while the RRHs could operate for
example with 30/37 dBm. The HetNet scenarios 1n Release
11 are considered for both coordinated multipoint transmis-
sion and for single cell MIMO enhancements. For CoMP
operation, detailled simulation assumptions have been
described m R1-111125, CoMP simulation assumptions,
which are hereby incorporated by reference.

For example, a macro cell may consist of an array of
antennas while a low power RRH may have one or an array of
transmit antennas. Fach antenna or array of antennas 1s under-
stood to be a transmission point; hence the macro cell 1s a
transmission point while the RRHs are also transmission
points. The RRH and the macro cell are generally connected
through optical fiber, hence the feedback delays and capacity
over the connection are considered as 1deal and unlimited 1n
this case. The RRHs placement may be indoor or outdoor. A
particular example may include an mstance 1n which a macro
cell 1s not present while RRHs are connected to a central unit
which performs radio resource management (RRM). In a first
example, 1t 1s assumed that each transmit point has 1ts own
physical cell identifier (cell ID) and 1n a second example 1t 1s

10

15

20

25

30

35

40

45

50

55

60

65

2

assumed that all transmit points have the same cell ID. In both
example cases there 1s a central unit which performs sched-
uling of the radio resources and 1s located for example at the
macro cell. The RRHs, 1n this example, are arrays of antennas
which are typically used in order to improve the spectral
elficiency of the cell. Hence they can be also seen as simple
radio frequency front ends pulled away from the macro cell
and without RRM capability.

In the second example, where all transmit points have the
same cell ID, the transmit points may be equipped with vari-
ous numbers of transmit antennas. From a simulation
assumption perspective 3GPP is currently assuming 2, 4 and
8 transmission points for the macro cell and 1, 2 and 4 trans-
mission points for the low power RRHs. In the simulations
being carried out in 3GPP, both co-polarized and cross-polar-
1zed types of antennas are considered with the restriction that
the same type of antennas are used for all transmait points 1n a
given configuration. However, specification-wise 1t 1s likely
there will be no restriction in terms of number or type of
transmit antennas, hence 8 transmission points could be con-
sidered also for RRHs.

In this example, mobile terminals are located 1 a cell
formed by the macro cell and lie under the coverage of the
RRHs. In a traditional macro cell only scenario, these mobile
terminals would be configured to determine the number of
transmit antennas existing at the macro cell and report the
channel state mnformation (CSI) based on the common refer-
ence symbol (CRS) or channel state information reference
symbol (CSI-RS) ports. CSI-RS provides support for 1, 2 4,
and 8 transmission points. CSI-RS parameters, like the peri-
odicity and pattern, are signaled as mobile terminal-specific
information. In this scenario the mobile terminal may hear the
RRH (or several RRHs) and the macro cell. In such cases, the
mobile terminal signals the specific antenna ports associated
with the transmission points on which it performs CSI esti-
mation. For example, 1f the mobile terminal hears two RRHs
and the macro cell, it receives the CSI-RS patterns and param-
cters of these three transmit points for which to compute the
CSI. Once channel estimation 1s performed, CSI feedback
may be computed and reported to a central scheduling unat,
such as the macro cell. Both single user (SU) and MU MIMO
may be supported; hence the computed feedback for these
three transmit points enables closed-loop MIMO operation.

However, currently mobile terminal feedback operates on a
single-transmission point basis or single-cell feedback.
Hence, with such feedback, the maximum supported rank 1n
the system 1s limited by the maximum of the individually
supported ranks for each of the transmission points. There-
fore the mobile terminal would typically report the rank based
on the maximum rank supported by one individual transmis-
sion point, whereas the rank could 1n fact be higher if more
transmission points were used for transmission and consid-
ered 1n finding the optimal rank.

BRIEF SUMMARY

A method, apparatus and computer program product are
therefore provided according to an example embodiment to
provide reporting for low rank feedback information for each
transmission point up to a maximum rank per transmission
point. Based upon feedback information, an embodiment
may enable higher rank transmission in nstances 1n which
layers for high rank transmission are provided through mul-
tiple transmission points. In one embodiment, the method,
apparatus and computer program product may enable mul-
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tiple transmit point higher rank transmissions even 1if the per
transmit point partial channels do not allow sustaining trans-
mission at tull rank.

In an embodiment a method includes determining a trans-
mission rank and a precoding matrix for each of at least two
transmission points of a plurality of transmission points. A
method also includes determining a joint transmission rank
based on at least two of the plurality of transmission points. A
method also includes selecting a joint transmission precoding,
matrix based on the determined precoding matrix for each of
the at least two transmission points and the determined joint
transmission rank. The method further includes causing CSI
to be transmitted to an access point, wherein the CSI
describes the selected joint transmission precoding matrix.

In another embodiment, an apparatus comprising a proces-
sor and a memory including software, with the memory and
the software configured to, with the processor, cause the
apparatus at least to determine a transmission rank and a
precoding matrix for each of at least two transmission points
of a plurality of transmission points. The apparatus 1s further
caused to determine a joint transmission rank based on at least
two of the plurality of transmaission points. The apparatus 1s
turther caused to select a joint transmission precoding matrix
based on the determined precoding matrix for each of the at
least two transmission points and the determined joint trans-
mission rank. A computer program product also includes
program code that 1s further configured to cause CSI to be
transmitted to an access point, wherein the CSI describes the
selected joint transmission precoding matrix.

In a further embodiment, a computer program product 1s
provided that includes at least one computer readable non-
transitory memory having program code stored thereon with
the program code which when executed by an apparatus
causing the apparatus at least to determine a transmission
rank and a precoding matrix for each of at least two transmis-
s1on points of a plurality of transmission points. A computer
program product also includes program code that 1s further
configured to determine a joint transmission rank based on at
least two of the plurality of transmission points. A computer
program product also mcludes program code that 1s further
configured to select a joint transmission precoding matrix
based on the determined precoding matrix for each of the at
least two transmission points and the determined joint trans-
mission rank. A computer program product also includes
program code that 1s further configured to cause CSI to be
transmitted to an access point, wherein the CSI describes the
selected joint transmission precoding matrix,

In yet another embodiment, an apparatus 1s provided that
includes means for determining a transmission rank and a
precoding matrix for each of at least two transmission points
of a plurality of transmission points. An apparatus further
comprises means for determining a joint transmission rank
based on at least two of the plurality of transmission points.
An apparatus further comprises means for selecting a joint
transmission precoding matrix based on the determined pre-
coding matrix for each of the at least two transmission points
and the determined joint transmission rank. An apparatus
turther comprises means for causing CSI to be transmitted to
an access point, wherein the CSI describes the selected joint
transmission precoding matrix.

In an embodiment, a method includes receiving a report
comprising at least one of transmission ranks for each of the
at least two transmission points, precoding matrices for each
of the at least two transmission points, a joint transmission
rank or a joint transmission precoding matrix. A method also
includes determining a transmission strategy based on the
received report. A method also includes causing a transmis-
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s1on using at least one of the precoding matrices for each of
the at least two transmission points or the joint transmission
precoding matrix.

In another embodiment, an apparatus comprising a proces-
sor and a memory including software, with the memory and
the software configured to, with the processor, cause the
apparatus at least to receive a report comprising at least one of
transmission ranks for each of the at least two transmission
points, precoding matrices for each of the at least two trans-
mission points, a joint transmission rank or a joint transmis-
sion precoding matrix. The apparatus 1s further caused to
determine a transmission strategy based on the recerved
report. The apparatus 1s further caused to cause a transmission
using at least one of the precoding matrices for each of the at
least two transmission points or the joint transmission pre-
coding matrix.

In a further embodiment, a computer program product 1s
provided that includes at least one computer readable non-
transitory memory having program code stored thereon with
the program code which when executed by an apparatus
causing the apparatus at least to receive a report comprising at
least one of transmission ranks for each of the at least two
transmission points, precoding matrices for each of the at
least two transmission points, a joint transmission rank or a
joint transmission precoding matrix. A computer program
product also includes program code that 1s further configured
to determine a transmission strategy based on the received
report. A computer program product also includes program
code that 1s further configured to cause a transmission using at
least one of the precoding matrices for each of the at least two
transmission points or the joint transmission precoding
matrix.

In yet another embodiment, an apparatus 1s provided that
includes means for receiving a report comprising at least one
of transmission ranks for each of the at least two transmaission
points, precoding matrices for each of the at least two trans-
mission points, a joint transmission rank or a joint transmis-
s1on precoding matrix. An apparatus further comprises means
for determining a transmission strategy based on the recerved
report. An apparatus further comprises means for causing a
transmission using at least one of the precoding matrices for
cach of the at least two transmission points or the joint trans-
mission precoding matrix.

BRIEF DESCRIPTION OF THE DRAWINGS

Having thus described the example embodiments of the
invention in general terms, reference will now be made to the
accompanying drawings, which are not necessarily drawn to
scale, and wherein:

FIG. 1 1s a schematic representation of a system having a
mobile terminal that may provide feedback and that may
benefit from an embodiment of the present invention;

FIG. 2 1s a block diagram of an apparatus that may be
embodied by a mobile terminal 1n accordance with one
embodiment of the present invention;

FIG. 3 1s a flow chart 1llustrating operations performed by
an example mobile terminal 1n accordance with one embodi-
ment of the present invention; and

FIG. 4 15 a flow chart 1llustrating operations performed by
an example access point in accordance with one embodiment
of the present invention.

DETAILED DESCRIPTION

The present 1invention now will be described more fully
hereinafter with reference to the accompanying drawings, in
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which some, but not all embodiments of the inventions are
shown. Indeed, these inventions may be embodied in many
different forms and should not be construed as limited to the
embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will satisty applicable legal
requirements. Like numbers refer to like elements through-
out.

As used 1n this application, the term ‘circuitry’ refers to all
of the following: (a) hardware-only circuit implementations
(such as implementations 1n only analog and/or digital cir-
cuitry) and (b) to combinations of circuits and software (and/
or firmware), such as (as applicable): (1) to a combination of
processor(s) or (1) to portions of processor(s)/software
(including digital signal processor(s)), software, and
memory(ies) that work together to cause an apparatus, such as
a mobile phone or server, to perform various functions) and
(¢) to circuits, such as a microprocessor(s) or a portion of a
microprocessor(s), that require software or firmware for
operation, even if the software or firmware 1s not physically
present.

This definition of ‘circuitry’ applies to all uses of this term
in this application, including 1n any claims. As a further
example, as used 1n this application, the term “circuitry”
would also cover an implementation of merely a processor (or
multiple processors) or portion of a processor and 1ts (or their)
accompanying soiftware and/or firmware. The term “cir-
cuitry”” would also cover, for example and 11 applicable to the
particular claim element, a baseband integrated circuit or
application specific integrated circuit for a mobile phone or a
similar integrated circuit 1n server, a cellular network device,
or other network device.

A method, apparatus and computer program product of an
example embodiment of the present invention are configured
to enable a mobile terminal to exploit low rank feedback for
higher rank transmissions by diagonalizing or semi-diagonal-
1zing reported per cell feedback received from multiple
points. In example embodiments, diagonalization and/or

semi-diagonalization of per-cell feedback allows for higher
rank transmission for SU-MIMO.

In an embodiment, assuming a total number K transmis-
s10n points, a joint precoding matrix W for low transmission
rank R may be used for all transmission points and 1s formed
as:

X R

and each matrix W*, k=1, . .., K is of dimension foRj with
N © being the number of transmit antennas at the k-th trans-
mission point and R being a transmission rank common to all
K transmission points. In an embodiment, the rank R fulfills
the relationship
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6

R=< max KR,
k=1,... K

where R, 1s the reported rank for the k-th transmission point.

In an embodiment, the matrices W*, k=1, , K, are
coniigured to contain a codeword/precoder specific to the k-th
transmission point, intra-transmission point precoders and/or
inter-transmission point amplitude/phase combiners. For
example, for rank 1, each of the precoders W* can be
expressed as W*=c, W* where c, is the inter-transmission
point amplitude/phase combiner (a complex-valued scalar)
and W* is the intra-transmission point precoder. In an
embodiment, intra-transmission point precoders are config-
ured to target separate transmissions from each transmission
point. Inter-transmission point combiners are further config-
ured to support joint transmission from the K transmission
points to the mobile terminal. For example, an intra-transmis-

s10n point precoder can be selected from a single codebook
e.g. like 2-Tx and 4-Tx 3GPP LTE Rel-8 codebooks or from

a double codebook e.g. like 3GPP LTE Rel-10 codebook for
8-transmission points, all of which are hereby incorporated
by reference. Alternatively or additionally, the inter-transmis-
s10n point combiners may be used to coherently combine the
precoders associated with each of the K transmission points
in order to obtain a resulting precoder W. For example, inter-
transmission point combiners target coherent combining
between the beams of each transmission point formed by
above described intra-transmission point precoders. Alterna-
tively or additionally, the inter-transmission point combiners
may comprise an amplitude term, which may improve per-
formance 1n cases in which beams from different transmis-
s10n points are recerved with substantial power imbalance.

In an embodiment, assuming that k-th transmission point
may comprise N,* transmit antennas, k=1, , K, and a
mobile terminal 1s equipped with N receive antennas, and in
an instance in which N *<N | the k-th transmission point may
therefore transmit at most N “layers at the time. Alternatively
or additionally, in an instance in which a transmission 1s
carried simultaneously from K transmission points, the asso-
ciated joint transmission channel 1s of dimension

and thus for example allows for transmission up to

g

layers at the time. However, 1n some embodiments, mobile
terminal feedback 1s provided on a per transmission point
basis of rank R, <N * for the k-th transmission point. Alterna-
tively or additionally, in a configuration where the K trans-
mission points simultaneously transmit to a mobile terminal,
there 1s potential for a total transmission rank R - such that

RT-::nun[ F,ZN‘* .
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Although the method, apparatus and computer program
product may be implemented 1n a variety of different systems,
one example of such a system 1s shown in FIG. 1, which
includes a first communication device (e.g., mobile terminal
10) that 1s capable of communication via an access point 12,
such as a base station, a macro cell, a Node B, an evolved
Node B (eNB), a coordination unit, a macro base station or
other access point, with a network 14 (e.g., a core network).
While the network may be configured in accordance with
LTE or LTE-Advanced (LTE-A), other networks may support
the method, apparatus and computer program product of
embodiments of the present invention including those con-
figured 1n accordance with wideband code division multiple
access (W-CDMA), CDMA2000, global system for mobile
communications (GSM), general packet radio service
(GPRS) and/or the like.

The network 14 may include a collection of various differ-
ent nodes, devices or functions that may be in communication
with each other via corresponding wired and/or wireless
interfaces. For example, the network may include one or more
cells, including access point 12 and which may serve a respec-
tive coverage area. The access point could be, for example,
part of one or more cellular or mobile networks or public land
mobile networks (PLMNs). In turn, other devices such as
processing devices (e.g., personal computers, server comput-
ers or the like) may be coupled to the mobile terminal 10
and/or other communication devices via the network.

A communication device, such as the mobile terminal 10
(also known as user equipment (UE)), may be 1n communi-
cation with other communication devices or other devices via
the access point 12 and, in turn, the network 14. In some
cases, the communication device may include an antenna for
transmitting signals to and for receiving signals from an
access point.

In some example embodiments, the mobile terminal 10
may be a mobile communication device such as, for example,
a mobile telephone, portable digital assistant (PDA), pager,
laptop computer, or any of numerous other hand held or
portable communication devices, computation devices, con-
tent generation devices, content consumption devices, or
combinations thereof. As such, the mobile terminal 10 may
include one or more processors that may define processing
circuitry either alone or in combination with one or more
memories. The processing circuitry may utilize istructions
stored 1n the memory to cause the mobile terminal 10 to
operate 1n a particular way or execute specific functionality
when the instructions are executed by the one or more pro-
cessors. The mobile terminal 10 may also include communi-
cation circuitry and corresponding hardware/software to
enable communication with other devices and/or the network
14.

In one embodiment, for example, the mobile terminal 10
and/or the access point 12 may be embodied as or otherwise
include an apparatus 20 as generically represented by the
block diagram of FIG. 2. While the apparatus 20 may be
employed, for example, by a mobile terminal 10 or an access
point 12, 1t should be noted that the components, devices or
clements described below may not be mandatory and thus
some may be omitted 1n certain embodiments. Additionally,
some embodiments may include further or different compo-
nents, devices or elements beyond those shown and described
herein.

As shown in FIG. 2, the apparatus 20 may include or
otherwise be 1n communication with processing circuitry 22
that 1s configurable to perform actions 1n accordance with
example embodiments described herein. The processing cir-
cuitry may be configured to perform data processing, appli-
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cation execution and/or other processing and management
services according to an example embodiment of the present
invention. In some embodiments, the apparatus or the pro-
cessing circuitry may be embodied as a chip or chip set. In
other words, the apparatus or the processing circuitry may
comprise one or more physical packages (e.g., chips) includ-
ing materials, components and/or wires on a structural assem-
bly (e.g., a baseboard). The structural assembly may provide
physical strength, conservation of size, and/or limitation of
clectrical 1nteraction for component circuitry included
thereon. The apparatus or the processing circuitry may there-
fore, 1n some cases, be configured to implement an embodi-
ment of the present mvention on a single chip or as a single
“system on a chip.” As such, in some cases, a chip or chipset
may constitute means for performing one or more operations
for providing the functionalities described herein.

In an example embodiment, the processing circuitry 22
may include a processor 24 and memory 28 that may be in
communication with or otherwise control a communication
interface 26 and, 1n some cases, a user interface 29. As such,
the processing circuitry may be embodied as a circuit chip
(e.g., an 1mtegrated circuit chip) configured (e.g., with hard-
ware, soltware or a combination of hardware and software) to
perform operations described herein. However, in some
embodiments taken 1n the context of the mobile terminal 10,
the processing circuitry may be embodied as a portion of a
mobile computing device or other mobile terminal.

The user interface 29 (1f implemented) may be 1n commu-
nication with the processing circuitry 22 to receive an indi-
cation of a user input at the user interface and/or to provide an
audible, visual, mechanical or other output to the user. As
such, the user interface may include, for example, a keyboard,
a mouse, a joystick, a display, a touch screen, a microphone,
a speaker, and/or other input/output mechanisms. The appa-
ratus 20 need not always include a user interface. For
example, 1 instances 1n which the apparatus 1s embodied as
an access point 12, the apparatus may not include a user
interface. As such, the user interface 1s shown in dashed lines
in FIG. 2.

The communication interface 26 may include one or more
interface mechanisms for enabling communication with other
devices and/or networks. In some cases, the communication
interface may be any means such as a device or circuitry
embodied 1n either hardware, or a combination of hardware
and software that 1s configured to recerve and/or transmit data
from/to a network 14 and/or any other device or module 1n
communication with the processing circuitry 22, such as
between the mobile terminal 10 and the access point 12. In
this regard, the communication interface may include, for
example, an antenna (or multiple antennas) and supporting
hardware and/or software for enabling communications with
a wireless communication network and/or a communication
modem or other hardware/software for supporting communi-
cation via cable, digital subscriber line (DSL), universal serial
bus (USB), Ethernet or other methods.

In an example embodiment, the memory 28 may include
one or more non-transitory memory devices such as, for
example, volatile and/or non-volatile memory that may be
cither fixed or removable. The memory may be configured to
store mnformation, data, applications, instructions or the like
for enabling the apparatus 20 to carry out various functions in
accordance with example embodiments of the present inven-
tion. For example, the memory could be configured to buiier
input data for processing by the processor 24. Additionally or
alternatively, the memory could be configured to store
instructions for execution by the processor. As yet another
alternative, the memory may include one of a plurality of
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databases that may store a variety of {files, contents or data
sets. Among the contents of the memory, applications may be
stored for execution by the processor 1n order to carry out the
functionality associated with each respective application. In
some cases, the memory may be in communication with the
processor via a bus for passing information among compo-
nents of the apparatus.

The processor 24 may be embodied 1n a number of ditfer-
ent ways. For example, the processor may be embodied as
various processing means such as one or more of a micropro-
cessor or other processing element, a coprocessor, a control-
ler or various other computing or processing devices includ-
ing 1integrated circuits such as, for example, an ASIC
(application specific integrated circuit), an FPGA (field pro-
grammable gate array), or the like. In an example embodi-
ment, the processor may be configured to execute instructions
stored 1n the memory 28 or otherwise accessible to the pro-
cessor. As such, whether configured by hardware or by a
combination of hardware and software, the processor may
represent an entity (e.g., physically embodied 1n circuitry—in
the form of processing circuitry 22) capable of performing,
operations according to embodiments of the present invention
while configured accordingly. Thus, for example, when the
processor 1s embodied as an ASIC, FPGA or the like, the
processor may be specifically configured hardware for con-
ducting the operations described herein. Alternatively, as
another example, when the processor 1s embodied as an
executor of soltware instructions, the instructions may spe-
cifically configure the processor to perform the operations
described herein.

A method, apparatus and computer program product of an
example embodiment of the present invention 1s configured to
enable the apparatus 20 embodied, for example, by a mobile
terminal 10, that may include means, such as the processing,
circuitry 22, the processor 24, communications interface 26
or the like, to report ranks up to R, thus advantageously
providing the example mobile terminal with the ability to
exploit low rank feedback for higher rank transmission by
diagonalizing or semi-diagonalizing the reported per point
feedback consisting of W* matrices. For example the reported

per point feedback matrices W*, k=1, . . . K, may be diago-
nalized:

wl 0 0 0

0 W* 0 0
W = ,

0 0 0

0 0 0 wk

where, in one embodiment, each sub-matrix W* is of dimen-
sion N “xR, and the matrix W is thus of dimension

K
X Ry with Ry = ZRR
/ k=1

In an embodiment, a joint transmission precoding matrix may
be diagonalized such that each of 1ts associated spatial layers
1s transmitted by one of the K transmission points.

In an embodiment, each transmit point may contribute by
R, to the total transmission rank R, 1n other words different
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layers for higher ranks are transmitted from different trans-
mission points. For example the reported per point feedback

matrices W*, k=1, . . . K, may be semi-diagonalized:
wl 0 0
w2 0 0
W = ,
O . 0
0 0 wk

K
)(RT, RT = RI,Z +Z Rk
/ k=3

with R, , being the transmission rank over the first two trans-
mission points. In an embodiment, a joint transmission pre-
coding matrix may be semi-diagonalized such that at least
one of its associated spatial layers 1s transmitted by one of the
K transmission points and at least another one of 1ts associ-
ated layers 1s transmitted jointly by at least two of the K
transmission points.

For example, the first two transmit points (indexed by k=1,
2) may be configured to perform joint transmission and con-
tribute to the total rank R, with a contribution equal to R ,
while each of remaining transmit points (indexed by
k=3, ..., K) may contribute to the total rank with a contri-
bution equal to R,. Alternatively or additionally, an optimal
rank R, (with either diagonalization/semi-diagonalization)
may be selected to maximize the a performance metric, such
as throughput, of the communication system. For example,
ranks between

may be handled by taking a subset of columns from full
matrix W, for example the first R , , columns in an instance in
which the transmission points are ordered according to for
example recerved power in W,

In an example considering K=3 transmission points, a first
macro cell that comprises N '=4 transmit antennas, a second
and third RRH that each comprise N =2, N >=2 transmit
antennas, assuming that per transmission point ranks are
R,=2, R,=2, R;=1 and the number of receive antennas at the
mobile terminal 1s N =4; a mobile terminal 1s configured to
support transmission ranks 1-4 1n downlink.

By way of further example, reported feedback may be a
maximum rank feedback per point and may include one or
more corresponding combiners, and 1s the following;:

1. pl
Nr }{Rl

NEXR3 (2,

3003 (3
Nr }{E3

=

where WN}@ < 1s the k-th transmission point reported code-
word from an associated codebook,
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D

(2,2)

1s an 1nter-cell combiner diagonal matrix and R, 1s the trans-
mission rank corresponding to the k-th transmission point. By
way of further example, the k-th transmission points contrib-
utes by R, to the overall transmission rank which 1s the sum of
R, k=1,...,K. Thereceived reported per point feedback may
be used for joint transmission in an embodiment with

Rank=1:

—1

W4}{2( . 1)
—2
W (1, D |,

a7 (1,1)
Wosic3

descriptive feedback contruction according to a matrix

1 0 0 0"
1 0 0 0
1 000

where the joint transmission layers are defined along the
horizontal axis and the transmission points are defined along,
the vertical axis.

Rank=2:

w1
W4x2
- (1,1)
7 C2 0
ax2 — 0 Cz ’ "
- (11)
3 C'3 U
[ Wzm 02}{1 ] 0 0

descriptive feedback contruction according to:

1 2 0 0°
1 2 0 0
1 000

Rank=3:

0 3P
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descriptive feedback contruction according to

1 2 0 0]
1 2 0 0O
0010
Rank=4:
1
W4}=~:2 Y
0 W,
Wexa = 2x2 “semi- diagonalizatior’
T
0 [ Wiy 0Ong | 06

descriptive feedback contruction according to:

1 20 0
001 2
0010

The multi-point feedback matrices are constructed based
on the per point precoders and appropriate combiners. The
degree of diagonalization of these per point combiners 1n the
final multi-point feedback depends on the achievable
throughput.

By way of an additional example, in which K=2 transmis-
sion points, a first example transmission point ncludes a
macro cell comprising N,'=4 transmit antennas, a second
transmission point mncludes an example RRH comprising
N *=2 transmit antennas, assuming that per transmission
point ranks are R,;=2, R,=2 and the number of receive anten-
nas at the mobile terminal 1s N =4; the example mobile ter-
minal 1s configured to support transmission ranks 1-4 in
downlink. Alternatively or additionally, reported feedback
may include maximum rank feedback per transmission point
and corresponding combiners, and may include the follow-
ng:

T —1
Wl
NI‘ }{RI

2
i WNEERZ C2 |

where W@x " the k-th transmission point reported codeword
from an associated codebook,

g

0 P

1s an inter-cell combiner diagonal matrix and R, _1s the trans-
mission rank corresponding to the k-th transmission point.
For example, the k-th transmission points contributes by R, to
the overall transmission rank which 1s the sum of R,
k=1, ..., K. The received reported feedback can be used for
joint transmission with
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Rank=1:
1
" W4}{2( - 1)
6x1 —
—2
W, DSt
Rank=—2:
]
W4}{2
Wer=|__, [SY 0
i 0 ¢
]
W4:x12
Wexn = , , i C(ZM) 0 “layer permutation’
[szz( , 2) Wh(:, 1)] . (L.1)
Cr "

descriptive feedback construction according to:

L

Rank=3:
Wrillxz 0
Wex3 = ,
0 Wo (. 1)
Rank—4:
Wéll:xzz 0
Wexa = “full diagonalizatiod’
2
0 WZ}{Z

In alternate embodiments, there may be multiple possibili-
ties on how the per transmission point precoders are arranged
for higher ranks, and the mobile terminal may alternatively or
additionally report the index of the chosen matrix arrange-
ment with additional required combiners as part of the feed-
back. The embodiments described herein may also be used
with any joint feedback containing per point feedbacks and
combiners. Alternatively or additionally, the per point feed-
back as well as combiner may be a codeword from a code-
book.

FIGS. 3 and 4 1llustrate example operations performed by
a method, apparatus and computer program product, such as
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apparatus 20 of FIG. 2 in accordance with one embodimentof 55

the present invention are illustrated. It will be understood that
each block of the flowcharts, and combinations of blocks 1n
the flowcharts, may be implemented by various means, such
as hardware, firmware, processor, circuitry and/or other
device associated with execution of software including one or
more computer program instructions. For example, one or
more of the procedures described above may be embodied by
computer program instructions. In this regard, the computer
program 1nstructions which embody the procedures
described above may be stored by a memory device 28 of an
apparatus employing an embodiment of the present invention
and executed by a processor 24 1n the apparatus. As will be
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appreciated, any such computer program instructions may be
loaded onto a computer or other programmable apparatus
(e.g., hardware) to produce a machine, such that the resulting
computer or other programmable apparatus provides for
implementation of the functions specified 1n the flowcharts’
block(s). These computer program instructions may also be
stored in a non-transitory computer-readable storage memory
that may direct a computer or other programmable apparatus
to function 1n a particular manner, such that the instructions
stored 1n the computer-readable storage memory produce an
article ol manufacture, the execution of which implements
the function specified in the tlowcharts” block(s). The com-
puter program instructions may also be loaded onto a com-
puter or other programmable apparatus to cause a series of
operations to be performed on the computer or other pro-
grammable apparatus to produce a computer-implemented
process such that the mstructions which execute on the com-
puter or other programmable apparatus provide operations
for implementing the functions specified 1n the flowcharts’
block(s). As such, the operations of FIGS. 3 and 4, when
executed, convert a computer or processing circuitry into a
particular machine configured to perform an example
embodiment of the present invention. Accordingly, the opera-
tions of FIGS. 3 and 4 define an algorithm for configuring a
computer or processing circuitry 22, e.g., processor, to per-
form an example embodiment. In some cases, a general pur-
pose computer may be provided with an instance of the pro-
cessor which performs the algorithm of FIGS. 3 and 4 to
transform the general purpose computer into a particular
machine configured to perform an example embodiment.

Accordingly, blocks of the flowcharts support combina-
tions ol means for performing the specified functions and
combinations of operations for performing the specified func-
tions. It will also be understood that one or more blocks of the
flowchart, and combinations of blocks 1n the flowcharts, can
be implemented by special purpose hardware-based com-
puter systems which perform the specified functions, or com-
binations of special purpose hardware and computer mnstruc-
tions.

In some embodiments, certain ones of the operations above
may be modified or further amplified as described below.
Moreover, 1n some embodiments additional optional opera-
tions may also be included (some examples of which are
shown 1n dashed lines 1n FIG. 3). It should be appreciated that
cach of the modifications, optional additions or amplifica-
tions below may be included with the operations above either
alone or 1n combination with any others among the features
described herein.

FIG. 3 15 a flow chart 1llustrating mobile terminal feedback
performed 1n accordance with one embodiment of the present
invention. In an embodiment, the apparatus 20 embodied, for
example, by a mobile terminal 10, may include means, such
as the processing circuitry 22, the processor 24 or the like, for
estimating a MIMO channel corresponding to each transmit
point. In embodiments using LTE, a MIMO channel may be
estimated from CSI-RS.

Retferring now to FIG. 3, as shown in operation 30, the
apparatus 20 embodied, for example, by a mobile terminal 10,
may include means, such as the processing circuitry 22, the
processor 24 or the like, for determining a transmission rank
and a precoding matrix for each of at least two transmission
points of a plurality of transmission points. In an embodi-
ment, for each transmit pointk=1, . .., K, the mobile terminal
may be configured to compute an optimum rank R, . and a
corresponding optimum precoder Wy » :C. These are com-
puted, for example using means such as the processing cir-
cuitry 22, the processor 24 or the like, by sampling each of the
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possible matrices 1n a (specified) codebook for each rank,
computing a selected performance metric such as the
throughput and selecting the rank-precoder combination. For
example a rank-precoder combination may be chosen that
maximizes throughput.

In an embodiment, based on the computed precoders

N = for each transmit point, the apparatus 20 embodied,
for example, by a mobile terminal 10, may include means,
such as the processing circuitry 22, the processor 24 or the
like, tor computing combiners C,, for example, by sampling
cach of the possible combiners in the codebook and forming
a joint precoder, such as:

where W*=W"C,. In an embodiment, a combiner may be
chosen that maximizes the joint transmission throughput.

In an embodiment, once transmission point-specilic pre-
coders W*have been selected, the apparatus 20 embodied, for
example, by a mobile terminal 10, may include means, such
as the processing circuitry 22, the processor 24 or the like, that
may be configured to compute a higher rank optimum per-
point feedback arrangement in an instance 1n which the maxi-
mum rank supported by a distributed antenna system 1s higher
than a chosen per-transmission point rank. As shown in opera-
tion 32, the apparatus 20 embodied, for example, by a mobile
terminal 10, may include means, such as the processing cir-
cuitry 22, the processor 24 or the like, for determining at least
one rank and at least one precoder for a plurality of transmis-
sion points. In an embodiment, each rank from the transmis-
sion point-specific rank R, . to the maximum supported

rank

opl

may be analyzed, such as by the processor 24.

As shown 1n operation 34, the apparatus 20 embodied, for
example, by a mobile terminal 10, may include means, such
as the processing circuitry 22, the processor 24 or the like, for
determining at least one precoder for a determined a maxi-
mizing rank supported for a transmission point. In an embodi-
ment, for each rank a corresponding precoder or precoders, as
described herein, 1s formed by diagonalizing or semi-diago-
nalizing the tull matrix W.

As shown 1n operation 36, the apparatus 20 embodied, for
example, by a mobile terminal 10, may include means, such
as the processing circuitry 22, the processor 24 or the like, for
selecting a rank and precoder from at least one of the deter-
mined rank and precoder or the determined maximizing rank
and precoder. In an embodiment, the apparatus 20 embodied,
for example, by a mobile terminal 10, may include means,
such as the processing circuitry 22, the processor 24 or the
like, for determining a rank-precoder combination (feedback
arrangement), such as a rank-precoder combination that
maximizes throughput.

As shown 1n operation 38, the apparatus 20 embodied, for
example, by a mobile terminal 10, may include means, such
as the processing circuitry 22, the processor 24 or the like, for
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determining a joint transmission rank based on at least two of
the plurality of transmission points. In an embodiment, a joint
transmission rank 1s determined under the assumption that
joint transmission would occur as determined by the mobile
terminal. As shown 1n operation 40, the apparatus 4 embod-
ied, for example, by a mobile terminal 10, may include
means, such as the processing circuitry 22, the processor 24 or
the like, for generating a joint transmission precoding matrix
based on the determined precoding matrix for each of the at
least two transmission points and the determined joint trans-
mission rank. In an embodiment, the precoder may be fixed
for each rank or there may be alternate ways of arranging
(diagonalizing/semi-diagonalizing) the precoders 1nto a joint
transmission precoding matrix, such as W.

As shown 1n operation 42, the apparatus 20 embodied, for
example, by a mobile terminal 10, may include means, such
as the processing circuitry 22, the processor 24, the commu-
nications interface 26 or the like, for causing channel state
information “CSI” to be transmitted to an access point. The
CSI may include the joint transmission precoding matrix, an
index, and/or a pointer to the joint transmission precoding
matrix. CSI feedback may, for example, include means and/or
signaling that describes a joint transmission precoding matrix
in a manner such that a mobile terminal, an access point, or
the like may receive and/or access an unambiguous descrip-
tion of the joint transmission precoding matrix.

In an embodiment, transmission point-specific matrices
with or without combiner, e.g., W* or W* respectively, along
with the corresponding rank may be included with the trans-
mitted CSI. Furthermore, in an embodiment, at least one
transmission point-specific rank indicator 1s reported. Mul-
tiple indicators may be reported 1n an 1stance 1 which the
same rank 1s not assumed for all transmission points. Alter-
natively or additionally, the apparatus 20 embodied, for
example, by a mobile terminal 10, may include means, such
as the processing circuitry 22, the processor 24, the commu-
nications interface 26 or the like, for causing the optimum
total rank which corresponds to the at least semi-diagonalized
precoding matrix to be reported.

Alternatively or additionally, the apparatus 20 embodied,
for example, by a mobile terminal 10, may include means,
such as the processing circuitry 22, the processor 24, the
communications interface 26 or the like, for causing an index
to be reported corresponding to one of multiple possible
matrix arrangements, €.g. an index to a codebook of different
alternatives to (semi-) diagonalize the matrix W.

Alternatively or additionally, the apparatus 20 embodied,
for example, by a mobile terminal 10, may include means,
such as the processing circuitry 22, the processor 24, the
communications interface 26 or the like, for causing CQIs to
be reported corresponding to a transmission with at least one
transmission point-specific precoder, CQI(s) corresponding,
to low rank R, joint transmission from all transmission
points, and/or CQI(s) corresponding to high rank R, joint
transmission from all transmission points. Alternatively or
additionally, the CQI may be wideband, e.g. only one value 1s
reported for the whole band for each quantity, or sub band,
¢.g. multiple values may be reported for at least a portion of
the quantities.

As shown 1n operation 50 of FIG. 4, the apparatus 20
embodied, for example, by an access point 12, may include
means, such as the processing circuitry 22, the processor 24,
the commumnications interface 26 or the like, for receving a
report comprising at least one of transmission ranks for each
of the at least two transmission points, precoding matrices for
cach of the at least two transmission points, a joint transmis-
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sionrank or a joint transmission precoding matrix. The report,
such as a CSI report 1s further explained with reference to
operation 42 of FIG. 3.

As shown 1n operation 52, the apparatus 20 embodied, for
example, by an access point 12, may include means, such as
the processing circuitry 22, the processor 24 or the like, for
determining a transmission strategy based on the recerved
report. For example, the apparatus 20 embodied, for example,
by an access point 12, may include means, such as the pro-
cessing circuitry 22, the processor 24 or the like, for compar-
ing resulting estimated per-point transmission throughput to
joint transmaission throughput to determine an optimum trans-
mission strategy.

The apparatus 20 embodied, for example, by an access
point 12, may include means, such as the processing circuitry
22, the processor 24 or the like, for determining correspond-
ing antenna weights based on the recerved index of transmis-
s1on point specific precoders and the index of the high rank
precoder. Alternatively or additionally the apparatus 20
embodied, for example, by an access point 12, may 1nclude
means, such as the processing circuitry 22, the processor 24 or
the like, for arranging a full precoding matrix W for the high
rank precoder.

As shown 1n operation 54, the apparatus 20 embodied, for
example, by an access point 12, may include means, such as
the processing circuitry 22, the processor 24 or the like, for
determining whether SU-MIMO will be used. In an embodi-
ment, the apparatus 20 embodied, for example, by an access
point 12, may include means, such as the processing circuitry
22, the processor 24 or the like, for determining a transmis-
sion rank based on a recetved CSI report and in some embodi-
ments on scheduling decisions.

For example, the apparatus 20 embodied, for example, by
an access point 12, may include means, such as the processing
circuitry 22, the processor 24 or the like, for determining
whether MU-MIMO should be utilized. An example access
point may utilize the lower reported rank or another lower
rank. In an mstance 1n which the apparatus 20 1s embodied,
for example, by an access point 12, determines that SU-
MIMO should be utilized, such as by the processor 24, the
access point 12, may utilize the high reported rank.

As shown 1n operation 56, the apparatus 20 embodied, for
example, by an access point 12, may include means, such as
the processing circuitry 22, the processor 24, the communi-
cations interface 26 or the like, for causing a transmission
using at least one of the precoding matrices for each of the at
least two transmission points or the joint transmission pre-
coding matrix. In an embodiment at least one of data (e.g.
PDCCH) and/or control (e.g. PDCCH) to be transmitted. The
transmission may be based on the determined antenna
weilghts. In an embodiment, the apparatus 20 embodied, for
example, by an access point 12, may include means, such as
the processing circuitry 22, the processor 24, the communi-
cations interface 26 or the like, for causing data/control to be
transmitted to a mobile terminal utilizing the determined
antenna weights.

Advantageously, the apparatus 20, method and computer
program product as described herein enables flexible SU
MIMO/MU MIMO operation using a diagonalizing (semi-
diagonalizing) technique. In a MU MIMO operation embodi-
ment, a low rank of the precoding matrix can be readily
available 1n the form of Wy, ,, or Wy, (resp. W, ., or W, ,)
above. In a high rank SU MIMO operation embodiment, the
diagonalizing (semi-diagonalizing) method may be used to
obtain higher rank precoders 1n the form of Wy, 5, or Wy,
(resp. W, 5, or W ). Alternatively or additionally the appa-
ratus 20, method and computer program product as described
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herein provides support for dynamic SU/MU operation with,
for example, little additional complexity.

Many modifications and other embodiments of the inven-
tions set forth herein will come to mind to one skilled 1n the art
to which these mventions pertain having the benefit of the
teachings presented in the foregoing descriptions and the
associated drawings. Therefore, 1t 1s to be understood that the
inventions are not to be limited to the specific embodiments
disclosed and that modifications and other embodiments are
intended to be included within the scope of the appended
claims. Moreover, although the foregoing descriptions and
the associated drawings describe example embodiments in
the context of certain example combinations of elements and/
or functions, 1t should be appreciated that different combina-
tions of elements and/or functions may be provided by alter-
native embodiments without departing from the scope of the
appended claims. In this regard, for example, different com-
binations of elements and/or functions than those explicitly
described above are also contemplated as may be set forth 1n
some of the appended claims. Although specific terms are
employed herein, they are used 1n a generic and descriptive
sense only and not for purposes of limitation.

That which 1s claimed:

1. A method comprising:

determining a transmission rank and a precoding matrix for

cach of at least two transmission points of a plurality of
transmission points;

determinming a joint transmission rank based on at least two

of the plurality of transmission points;
selecting a joint transmission precoding matrix from a
plurality of candidate joint transmission precoding
matrices generated from the determined precoding
matrix for each of the at least two transmission points
and the determined joint transmission rank; and

causing channel state information “CSI” to be transmitted
to an access point, wherein the CSI describes the
selected joint transmission precoding matrix.

2. The method of claim 1 further comprises causing at least
one of the determined transmission ranks for each of the at
least two transmission points, the determined precoding
matrices for each of the at least two transmission points, the
determined joint transmission rank or the selected joint trans-
mission precoding matrix to be transmitted to the access
point.

3. The method of claim 1, wherein the joint transmission
precoding matrix 1s diagonalized such that each of 1ts associ-
ated spatial layers 1s transmitted by a transmission point of the
plurality of transmission points.

4. The method of claim 1, wherein the joint transmission
precoding matrix 1s semi-diagonalized such that at least one
of an associated spatial layers 1s transmitted by a transmission
point of the plurality of transmission points and at least
another associated spatial layer 1s transmitted jointly by at
least two transmission points of the plurality of transmission
points.

5. The method of claim 1, wherein the joint transmission
precoding matrix 1s formed based on a column permutation of
the determined precoding matrices for at least one of the at
least two transmission points.

6. The method of claim 1, wherein the joint transmission
precoding matrix comprises sub-matrices based on the deter-
mined precoding matrices for each of the at least two trans-
mission points.

7. The method of claim 1, wherein the determined precod-
ing matrices for each of the at least two transmission points
comprises an intra-transmission point precoder and an inter-
transmission point combiner.
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8. The method of claim 1, wherein determining precoding
matrices for each of the at least two transmission points
turther comprises determining a precoding matrix that 1s con-
figured to optimize a performance metric.

9. The method of claim 1, wherein selecting a joint trans-
mission precoding matrix further comprises:

generating at least one of a plurality of candidate joint

transmission precoding matrices, each of the generated
plurality of candidate joint transmission precoding
matrices being based on the determined precoding
matrix for each of the at least two transmission points
and the determined joint transmission rank;

selecting a generated candidate joint transmission precod-

ing matrix from the plurality of generated candidate
jo1nt transmission precoding matrices based on a pertor-
mance metric.

10. An apparatus comprising:

a processor and

a memory including software, the memory and the soft-

ware configured to, with the processor, cause the appa-

ratus to at least:

determine a transmission rank and a precoding matrix
for each of at least two transmission points of a plu-
rality of transmission points;

determine a joint transmission rank from a plurality of
candidate joint transmission precoding matrices gen-
erated from at least two of the plurality of transmis-
5100 points;

select a joint transmission precoding matrix based on the
determined precoding matrix for each of the at least
two transmission points and the determined joint
transmission rank; and

cause channel state information “CSI” to be transmitted
to an access point, wherein the CSI describes the
selected joint transmission precoding matrix.

11. The apparatus of claim 10 wherein the at least one
memory mcluding the computer program code 1s further con-
figured to, with the at least one processor, cause the apparatus
to cause at least one of the determined transmission ranks for
cach of the at least two transmission points, the determined
precoding matrices for each of the at least two transmission
points, the determined joint transmission rank or the selected
joint transmission precoding matrix to be transmitted.

12. The apparatus of claim 10, wherein the joint transmis-
sion precoding matrix 1s diagonalized such that each of its
associated spatial layers i1s transmitted by a transmission
point of the plurality of transmission points.

13. The apparatus of claim 10, wherein the joint transmis-
s10n precoding matrix 1s semi-diagonalized such that at least
one of an associated spatial layers 1s transmitted by a trans-
mission point of the plurality of transmission points and at
least another associated spatial layer 1s transmitted jointly by
at least two transmission points of the plurality of transmis-
s10n points.

14. The apparatus of claim 10, wherein the joint transmis-
s1on precoding matrix 1s formed based on a column permu-
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tation of the determined precoding matrices for at least one of
the at least two transmission points.

15. The apparatus of claim 10, wherein the joint transmis-
s1on precoding matrix comprises sub-matrices based on the
determined precoding matrices for each of the at least two
transmission points.

16. The apparatus of claim 10, wherein the determined
precoding matrices for each of the at least two transmission
points comprises an intra-transmission point precoder and an
inter-transmission point combiner.

17. The method of claim 10, wherein determining precod-
ing matrices for each of the at least two transmission points
turther comprises determining a precoding matrix that 1s con-
figured to optimize a performance metric.

18. The apparatus of claim 10, wherein the at least one
memory including the computer program code 1s further con-
figured to, with the at least one processor, cause the apparatus
to:

generate at least one of a plurality of candidate joint trans-

mission precoding matrices, each of the generated plu-
rality of candidate joint transmission precoding matrices
being based on the determined precoding matrix for
cach of the at least two transmission points and the
determined joint transmission rank;

select a generated candidate joint transmission precoding,

matrix from the plurality of generated candidate joint
transmission precoding matrices based on a perfor-
mance metric.

19. An apparatus comprising;:

a processor and

a memory including software, the memory and the soft-

ware configured to, with the processor, cause the appa-

ratus to at least:

receive a report comprising at least one of transmission
ranks for each of the at least two transmission points,
precoding matrices for each of the at least two trans-
mission points, a joint transmission rank or a joint
transmission precoding matrix, wherein the joint
transmission precoding matrix 1s selected by a mobile
terminal from a plurality of generated candidate joint
transmission precoding matrices based on a perfor-
mance metric;

determine a transmission strategy based on the received
report; and

cause a transmission using at least one of the precoding
matrices for each of the at least two transmission
points or the joint transmission precoding matrix.

20. The apparatus according to claim 19, wherein the at
least one memory including the computer program code 1s
turther configured to, with the at least one processor, cause
the apparatus to determine whether at least one of multiple
user multiple input multiple output or single user multiple
input multiple output will be used based on the recerved
report.
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